ABSTRACT As a non-contact life detecting equipment of smart campus, the ultra-wide band (UWB) radar life detector is widely used in finding victims of post-disaster search and rescue. However, due to the complex detection environment and the weak life characteristics of victims, the detecting time consuming by current detecting methods is long meanwhile the sensitivity is low, as a result, the process of search and rescue is slow and the probability of missed detection is high. To solve this problem, three works have been done in this research: first, a mathematical model of the echo of UWB radar is established; second, a concept, the critical speed of fast and slow objects, is put forward as a reference value of signal processing; and third, a new accelerated algorithm of which utilizes block data analysis to detect micro-moving objects is proposed in this paper. It has been verified both by simulation and experiment that the new algorithm can improve the detecting sensitivity and the speed of detection.
I. INTRODUCTION
Campus is a special public place with high density of population and students are too young to deal with the injury accidents, however, in recent years, natural disasters, terrorist attacks, and experimental accidents have happened in school frequently and caused enormous losses. For example, there were 4737 students dead and about 16000 hurt in the Wen Chuan earthquake, China. Due to the complex environment and unknown locations of the survivors, the rescue work is very difficult [1] , [2] . Therefore, A hightech safety and rescue equipment which can detect those victims with non-contact will play a crucial role in smart campus [3] , [4] .
Among various technologies, the UWB radar life detector is the most effective one in the campus environment [5] - [7] . It has been proved that the UWB radar can penetrate clothing, air, wall, ruins, and detect the thoracic motion, heartbeat, and other life signals of the victims [8] - [9] .
However, the current UWB radar life detection system takes too much time to detect human objects in quasi-static state which aggravates the missing detection rate and reduces the efficiency of life rescue.
To solve this problem, a new algorithm based on block data analysis is proposed in this paper. It has been verified by simulation and experiment that the new algorithm can greatly improve the SNR (Signal to Noise Ratio) and speed up the process of detecting the micro-moving objects of human. This paper is outlined as follows: Section 2 illustrates the system design; Section 3 builds the mathematical model based on the characteristics of the echoes; the common algorithms and existing problems are discussed in Section 4; Section 5 proposes the accelerated algorithm and explains the principle; Section 6 shows some results of the experiment and verification; the conclusion and some other application areas are summarized in Section 7. four subsystems: transmitter, receiver, antennas, controller and processor. The transmitter includes a pulser in nanosecond; the receiver is comprised of RF amplifier, high speed sampling integral circuit, and intermediate frequency amplifier; the antennas are divided into the transmitting antenna and receiving antenna; and data acquisition; and the controller and processor mainly includes a control board, time-delay circuit, gate selection component, DSP board and interactive software [10] , [11] .
B. HIGH-SPEED EQUIVALENT SAMPLING
The hardware system of UWB radar is simpler than traditional narrowband radar because UWB radar transmits and receives nanosecond pulse signals leading to no modulation and demodulation at the transmitter and receiver. However, the instantaneous bandwidth, sensitivity, dynamic range, sampling rate, and other parameters of A/D sampling in the receiver must be considered due to the narrow pulse. Because the radar echo is a high-speed repeated signal(not period signal), a method of high-speed equivalent sampling is used in the system in order to decrease the sampling rate and reduce the cost of other device [12] , [13] . Only one point is sampled from each echo with the delayed sampling point at all times. As shown in Fig. 2 , a complete echo can be rebuilt by N sampled echoes.
The echo after equipment sampling can be expressed as:
where S[n] is a complete echo after sampling equivalently, S n (t) is the n th original echo, T s is delayed time of sampling, i.e., the period of equivalent sampling. The key parameters of the UWB radar life detector are summarized in Table 1 . 
III. MODEL OF ECHOES A. MATHMATETICAL MODEL
The UWB radar life detector is mainly used to detect the human body targets, which are LSS-Targets (Low altitude, Slow speed, Small Targets) in close range [14] . Based on the relationship among the motion speed of objects, the resolution and frequency of radar detector, the objects of the detecting environment can be divided into three categories: (1) Completely stationary objects: such as ground, wall, furniture, etc. (2) Fast-moving objects: the movement of objects can be seen clearly during the interval of two impulses, such as the human walking, running, and limbs swing. (3) Slow-moving objects: this kind of objects VOLUME 6, 2018 are approximately motionless during the interval of two impulses, but the motion can be observed as the interval is long enough. The slow-moving objects can also be subdivided into two subcategories: (a) periodically slow-moving objects, such as the thoracic ups and downs when human is breathing (hereinafter referred to as thoracic movement) and the heartbeat; (b) non-periodically slow-moving objects. For slow-moving objects, radar life detector mainly detects the objects with periodic motion. Only the objects with periodic motion are discussed in the following discussion.
The distance between the objects within the detecting range and the antenna of the system is [15] :
where d i (t) is the distance of the i th object, d i is the initial distance of the i th object, v i is the speed of the i th object, A i is amplitude of the ith object with periodically slow motion, f i is the moving frequency, and t is the time of detection. The impulse response is:
where a i δ(τ − τ i (t)) is the response of the i th object with amplitude a i and propagation delay τ i (t), which is given by [16] :
where c = 3x10 8 m/s, is the speed of light. The goal of radar life detector is to detect the human body. Assumption is that there are only one human moving (fast-moving object), a static human body with thoracic movement (periodically slow-moving object) and many background objects (stationary objects).
The propagation delay of background objects is constant (time independent):
The propagation delay of human moving is:
where d f 0 is the initial distance between the object and the antenna. K f is the acceleration of the moving human. The propagation delay of thoracic movement is:
where d r is the initial distance, A r is the amplitude of the thoracic movement, and f r is the frequency of the thoracic movement.
Referring to (3), the impulse response is:
where the first term is the propagations delay of background objects in the detecting environment, the second term is the propagations delay of human movement, and the third term represents the propagations delay of thoracic movement. The echo model is equal to the convolution of the transmitting signal with the delay function [16] :
where s(τ ) is signal transmitted from the transmitting antenna.
B. SAMPLING DISCRETIZATION
After the echo model is sampled, the sampled echo signal can be expressed as:
where the meanings of those symbols are shown in Table 2 . According to the sampling points in fast time domain, the distance accuracy (the space distance represented by two adjacent points in the fast time series) is:
Referring to (11) , the distance accuracy of the radar system is 0.03m. 
IV. THE COMMON ALGORITHM FOR DETECTING A. THE DETECTION OF FAST-MOVING OBJECTS
The fast-moving objects are usually detected by subtracting the adjacent echo to eliminate the background clutter [17] , [18] . The echo of object is submerged in the background noise shown in Fig. 3 represents for the mth and (m + 1)th echo. The object's echo can be presented by the method of subtracting the adjacent echo, shown in Fig. 3(c) .
B. THE DETECTION OF SLOW-MOVING OBJECTS
For slow-moving objects, the algorithm of subtracting the former echo from the latter will be failed. Because the objects move slowly so that the echo of target dose not move far enough during the interval time of two adjacent echoes. When the adjacent echoes are subtracted, the echo of target will be eliminated like the background echoes.
Theoretically, if the time is long enough so that the echo of target moves far enough, the target still can be presented by subtracting. But there are some disadvantages method above: (1) Time consuming is too long. (2) Can not discriminate if the object is a human being or other animals. Therefore, the method is seldom used to detect the thoracic movement, while the most widely used methods is detecting by analyzing in frequency domain [19] .
As we all know, the thoracic movement is a periodically slow movement. The frequency of human breathing is 0.20-0.45Hz. It means a human when these found special frequencies fall in the frequency spectrum. Because the breathing frequencies of some animals are quite different from that of human, as shown in Table 3 . It is possible to determine whether the object is a human or not. This is an advantage compared to analysis in time domain. The process of spectral analysis is to take a single sampled point in the fast time domain and sufficient points in the slow time domain (generally 5-8 periods of breathing are needed in the slow time domain for human respiratory detection). As shown in Fig. 4 , there is a periodic moving echo along the slow time, and the dotted line represents the discrete point after sampling. The green box is a sliding window for choosing data which is used to make conversion from time to frequency by the fast Fourier transform (FFT). The choosing window slides from top to bottom of the fast time domain. When the sliding window at some location and the breathing frequency in the spectrum after FFT is found, it means there might be a human body at those locations.
C. THE CRITIACL SPEED FOR FAST AND SLOW OBJECTS
The detecting methods of radar life detector for fast-moving and slow-moving objects are different. It is necessary to make a theoretical derivation for the critical speed of fast and slow objects.
Based on (10), the echo model with a fast-moving object and background clutter can be expressed as:
After the subtraction of two adjacent echoes:
As can be seen from (13), the background clutter is eliminated by subtracting. In order to make the target apparent, VOLUME 6, 2018 the echo of the object must move one sampling point at least in the fast time dimension. An inequation can be got by extracting the sampling points from (13):
The critical speed of fast and slow objects can be derived as follows:
where the positive and negative signs respectively indicate the movement is near or far away from the radar. When the speed of object is greater than the critical speed v min , we can get the target signal by subtracting the two adjacent echoes. On the contrary, the target signal will be eliminated as background clutter. We must use the method for detecting the slow target as discussed above.
In the designed radar system, T s = 200 ps and T p = 0.125s leading to v min = 0.24m/s, which is obviously, lower than the speed of walking and running of the human body. So movements above belong to the fast-moving objects, while the thoracic and cardiac movements belong to slow-moving objects which need to be detected by analyzing in frequency domain or waiting for long time interval.
V. THE ACCELERATED ALGORITHM
Although the method of detecting human's thoracic movement in the frequency can distinguish human from other species and avoid the influence of other animals, it requires at least 5-8 times interval of breathing in order to get higher SNR in the spectrum. In practical detection, this method requires more time to accumulate the SNR because of more interference and larger attenuation. In order to overcome this problem, we propose a new accelerated algorithm, which can improve the SNR and speed up the detection greatly.
A. BANDED BREATHING ECHO SIGNAL
Before describing the new algorithm, it is necessary to clarify the concept that the breathing echo signals are a band echo data in time domain, not a line data. As shown in Fig. 5 , we can find that the echo moves forward and backward with the breathing frequency. The key of the accelerated algorithm is that the whole banded echo signals carry the information of thoracic motion.
Since the transmitting pulse signal is limited by a certain time width t, the pulse is discretized as: The number of pulse moving points caused by the thoracic movement:
where A is the amplitude of the thoracic movement. So the total number of sampling points that the banded signal spanning is:
where n is the width of banded echoes.
B. ANALYSIS BASED ON BLOCK DATA
As we discussed above, the ordinary spectral method ignores that the breathing echo is a banded data, which carries the information of human breathing frequency. The detection by ordinary spectrum method must go through multiple chest movement periods, as it does not make full use of the echo data and just analyzes through a single point of data sliding window.
By changing the single-point sliding window to the block sliding window, as shown in Fig. 6 , the red rectangle is the block sliding window. The width of sliding window, referring to (18) , is set as the width ( n) of the thoracic motion echo. The first step is splicing the short arrays chosen by block sliding window into a long array, then FFT is done on the long array and analysis is made in spectrum. In this way, the block detection method can improve the SNR and shorten the detecting time. The principle of the accelerated algorithm can be simple to understand by Fig. 7 . Where the red rectangle is the block sliding window, the length of which is a breathing period. There are 5 short arrays of data in the red window, all of them carry the information of human breathing. When we re-arrange the 5 short arrays in order, it is a long array with the length of 5 breathing periods. Although there will be only one break point at the connection of the short arrays, the long array can still be partially equivalent to the array gotten by the single point sliding window with the length of 5 breathing periods.
VI. EXPERIMENT AND VERIFICATION

A. VERIFIED BY SIMULATION 1) DETECTING OF SIMULATED HUMAN THORACIC MOTION
A simulated object is set at 6 meters from the radar as the human thoracic motion, with the moving frequency 0.20Hz and the moving amplitude 0.1 meters. As shown in Fig. 8(a), (b) , and (c), the horizontal coordinate is the frequency axis and the vertical coordinate is the distance axis. There is an object with the frequency of 0.20Hz at 6 meters, so we draw a conclusion that there is a human target at 6 meters from the radar. In Fig. 8(a) , processing with the data chosen by single sliding window with the length of 40 points, the frequency spectrum is expanded and the resolution of object is ambiguous. In Fig. 8(b) , by single sliding window with the length of 160 points, the frequency information of object is clear and the resolution is high. In Fig. 8(c) , with the accelerated algorithm we proposed, processed the data chosen by block sliding window with the length of 40 points, the resolution of target is nearly equal to the Fig. 8(b) .
The frequency spectrums of the target position in the waterfall plot are displayed separately, as shown in Fig. 8 (d) , (e), (f), (g), and (h), to test and verify that the accelerated algorithm can improve the SNR and reduce the detecting time. Compared with Fig. 8(g) , the new algorithm only needs 40 echoes' data (shown as in Fig. 8(h) ) to reach the effect of 160 echoes' data processed by common methods, so the detecting time can have 4 times speed up.
2) HUMAN OBJECTS RECOGNITION
Considering that there may be other animals in the radar detection area, Referring to Table. 3, the frequency of human breathing is about 0.20-0.45Hz and the rabbit is 0.85-1Hz, we set a human at 6 meters with the breathing frequency of 0.20Hz and a rabbit at 3 meters with the breathing frequency of 0.85Hz. As shown in Fig. 9(a) , the waterfall plot of echoes, there are two objects at 3 meters and 6 meters respectively, it's hard to tell which of the two targets is a human in the time domain. But in the frequency domain, as shown in Fig. 9 (b) , (c), and (d), the frequency of the object at 3 meters is 0.85Hz and the object at 6 meters is 0.2 Hz, so there is a human at 6 meters and other animals at 3 meters. Compared the three detecting images, the resolution processed by the new algorithm is similar to 160 echoes' data processed by common methods. 
B. VERIFIED BY EXPERIMENT 1) DETECTING IN A MICROWAVE ANECHOIC CHAMBER
We detect the beacon in a microwave anechoic chamber, the moving frequency of the beacon is 0.45Hz. The length of the block sliding window is 40 echoes. Comparing Fig. 10(e) with Fig. 10(f) , the amplitude of the target signal, processed by the accelerated algorithm, is approximately equal to the amplitude processed by 160 echoes in common way.
2) DETECTING IN THE AIR
We detect a human with the distance of 6 meters in the air, he stays motionless except the thoracic movement. Because the frequency of human breathing is not a complete constant, there are multiple frequency signals appear on the spectrum in 0.20-0.45Hz.
3) DETECTING THROUGH THE WALL
Because when electromagnetic wave travels through the wall, the dispersion and attenuation effects will greatly influence the detection effect. In order to get the accurate position of the target, the wall thickness and relative dielectric constant must be estimated and the wall compensation should be done.
There are many methods of wall compensation [20] , [21] , a relatively mature one, the parameters and compensation of the wall are calculated by the second reflected echo, is used in this system. As shown in Fig. 12 .
The pulse signal emitted from the transmitting antenna will be reflected on both sides of the wall, and the wall thickness and relative dielectric constant can be obtained according to the amplitude and delay of the two pulses, and the wall compensation can be made according to these parameters [22] .
The human object is 5 meters behind the wall and the thickness of the wall is 0.30 meters. As shown in Fig. 13(e) , there is a target at 5 meters with the frequency of 0.25Hz. Compared the four images of the frequency spectrum, Fig. 13(f) , (g), (h), and (i), the amplitude of target spectrum increases rapidly by the new accelerated algorithm. VOLUME 6, 2018
VII. CONCLUSION
In this paper, the design of UWB radar system was introduced based on the ultra-wideband technology. The mathematical model of echo was established on the basis of the different methods for detecting the fast-moving objects and slow-moving objects, and the critical speed of fast and slow objects was proposed as a standard. In order to solve the problem that detecting the human micro-moving needs a long cumulative time, a new accelerated algorithm, based on block data analysis, has been proposed according to the characteristics of breathing echoes. It is proved by simulating and experimenting that the new accelerated algorithm can make a great improvement of SNR and shorten the objects detecting time, as an equipment of smart campus, such rapid and sensitive detecting method is meaningful for both survivors and rescue teams.
Because this algorithm is aimed at human breathing signal, it has a wide range of applications: it could be applied to medical equipment to monitor the weak life characteristics of human; it also can be used in alerting radar in battlefield to improve the survival rate of soldiers and TTWR (ThroughThe-Wall Radar) to help police find criminals. 
